The urinary tract is a common site of infection in the pediatric population. Unlike the generally benign course of urinary tract infection (UTI) in the adult population, UTI in the pediatric population is well recognized as a cause of acute morbidity and chronic medical conditions, such as hypertension and renal insufficiency in adulthood. As a result, it is crucial to have a clear understanding of the pathogenesis of UTI, risk factors, indications for diagnostic tests, and the appropriate uses of antimicrobial agents in the management of children with UTI.
children. In neonates and infants, however, they are presumed to be complicated because of the high association between urinary tract malformation and concurrent bacteremia, which predispose children to acute morbidity and long-term renal insufficiency [1, 2] .
The recurrence of a UTI may be caused by several reasons. Unresolved bacteriuria is most commonly caused by inadequate antimicrobial therapy. Subtherapeutic levels of the antimicrobial agents may be a result of noncompliance, malabsorption, suboptimal drug metabolism, and resistant uropathogens unresponsive to attempted therapy [3] . In these cases, infection typically resolves after altering the therapy according to antimicrobial sensitivities determined by a proper urine culture.
Bacterial persistence and reinfection occur after sterilization of the urine has been documented. In the case of bacterial persistence, the nidus of infection in the urinary tract is not eradicated. Characteristically, the same pathogen is documented on urine cultures during subsequent episodes of UTI despite negative cultures after treatment. The uropathogen frequently resides in a location that is shielded from antimicrobial therapy. These protected sites are often anatomic abnormalities, including infected urinary calculi [4] , necrotic papillus [5] , or foreign objects, such as an indwelling ureteral stent [6, 7] or urethral catheters [8] , which once infected may not be sterilized. Identification of the anatomic abnormality is essential because surgical intervention (extirpation) may be necessary to eradicate the source of infection (Box 1).
In contrast to bacterial persistence, reinfection is characterized by different pathogens documented on proper urine cultures with each new UTI. UTI most commonly occurs by periurethral colonization [9] and by the fecal-perinealurethral route [10] . Rarely, a fistula between the urinary tract and gastrointestinal tract serves as the source of reinfection [11] . It is important to note that Escherichia coli occurs in many different serotypes, and documentation of what seems to be recurrent E coli UTI may, in fact, represent reinfection rather than bacterial persistence [12] . Serotyping (or careful examination of antimicrobial chang & shortliffesensitivity profile) ultimately can establish a diagnosis of reinfection in equivocal situations. As the pathogenesis of UTI has become better understood, it seems that some element of bacterial persistence is more common than previously thought [13] . Similar to bacterial persistence in abnormal conditions with reinfection such as fistulae, surgery may be necessary to correct the source of infection (Box 1).
Epidemiology
The true incidence of pediatric UTI is difficult to determine because there are varying presentations that range from an absence of specific urinary complaints to fulminant urosepsis. Data from the Urologic Disease in America project, however, suggest that pediatric UTI constitutes a significant health care burden on the American public. The study revealed that infections of the urinary tract affect 2.4% to 2.8% of children every year and account for more than 1.1 million office visits annually. Inpatient hospital costs for children with pyelonephritis total more than $180 million per year in the United States [14] .
The epidemiology of pediatric UTI varies based on age and gender (Table 1) . During the first year of life, boys have a higher incidence of UTI; in all other age groups, girls are more prone to developing UTI. During the first year of life, the incidence of UTI in girls is 0.7% compared with 2.7% in boys [15] . During the first 6 months, uncircumcised boys have a 10-to 12-fold increased risk for developing UTI [9, 16] . In children aged 1 to 5 years, the annual incidence of UTI is 0.9% to 1.4% for girls and 0.1% to 0.2% for boys [17] . The incidence of a UTI is largely unchanged from age 6 to 16 years, with an annual incidence of 0.7% to 2.3% for girls and 0.04% to 0.2% for boys [18] . During early adulthood (18-24 years), the annual incidence of UTI in men remains relatively low at 0.83% [19] ; however, it increases substantially in women to 10.8% [20] .
Uropathogens
Although UTI may be caused by any pathogen that colonizes the urinary tract (eg, fungi, parasites, and viruses), most causative agents are bacteria of enteric origin (Box 2). The causative agent varies based on age and associated comorbidities. E coli is the most frequent documented uropathogen. Among neonates, UTI secondary to group B streptococci is more common than in older populations [21] . In immunocompromised children and children with indwelling catheters, Candida may be isolated from the urine [22] . Nosocomial infections are typically more difficult to treat and are caused by various organisms, including E. coli, Candida, Enterococcus, Enterobacter, and Pseudomonas [23] .
Pathogenesis
Bacterial clonal studies strongly support entry into the urinary tract by the fecal-perineal-urethral route with subsequent retrograde ascent into the bladder [10] . Because of differences in anatomy, girls are at a higher risk of UTI than boys beyond the first year of life. In girls, the moist periurethral and vaginal areas promote the growth of uropathogens. The shorter urethral length increases the chance for ascending infection into the urinary tract. Once the uropathogen reaches the bladder, it may ascend to the ureters and then to the kidneys by some as-yet undefined mechanism. Additional pathways of infection include nosocomial infection through instrumentation, hematogenous seeding in the setting of systemic infection or a compromised immune system, and direct extension caused by the presence of fistulae from the bowel or vagina.
The urinary tract (ie, kidney, ureter, bladder, and urethra) is a closed, normally sterile space lined with mucosa composed of epithelium known as transitional cells. The main defense mechanism against UTI is constant antegrade flow of urine from the kidneys to the bladder with intermittent complete emptying of the bladder via the urethra. This washout effect of the urinary flow usually clears the urinary tract of pathogens [24] . The urine itself also has specific antimicrobial characteristics, including low urine pH, polymorphonuclear cells, and TammHorsfall glycoprotein, which inhibits bacterial adherence to the bladder mucosal wall [25] . UTI occurs when the introduction of pathogens into this space is associated with adherence to the mucosa of the urinary tract. If uropathogens are cleared inadequately by the washout effect of voiding, then microbial colonization potentially develops. Colonization may be followed by microbial multiplication and an associated inflammatory response.
Bacteria that cause UTI in otherwise healthy hosts often exhibit distinctive properties-known as virulence factors-to overcome the normal defenses of the urinary system [26] [27] [28] . In serotypes of E coli frequently isolated in UTI, bacterial adherence to the uroepithelium is enhanced by adhesins, often fimbriae (pili), which bind to specific receptors of the uroepithelium [27] [28] [29] . The interaction of fimbriae with the mucosal receptor triggers internalization of the bacterium into the epithelial cell, which leads to apoptosis, hyperinfection, and invasion into surrounding epithelial cells or establishment of a bacterial focus for recurrent UTI [28, 30] . Uropathogenic strains of E coli have been recognized to release toxins, including cytolethal distending toxin, alpha hemolysin, cytotoxic necrotizing factor-1, secreted autotransporter toxin that causes cellular lysis, cause cell cycle arrest, and promote changes in cellular morphology and function [31] [32] [33] . To promote survival, various uropathogens possess siderophore systems capable of acquiring iron, an essential bacterial micronutrient, from heme [34] . Uropathogenic strains of E coli have a defensive mechanism that consists of a glycosylated polysaccharide capsule that interferes with phagocytosis and complement-mediated destruction [35] .
Risk factors
Although all individuals are susceptible to UTI, most remain infection free during childhood because of the aforementioned innate ability to resist uropathogen attachment. There are specific subpopulations with an increased susceptibility to UTI, however (Box 3). 
Neonates and infants
Neonates and infants in their first few months of life are at a higher risk for UTI. This susceptibility has been attributed to an incompletely developed immune system [36] . Breastfeeding has been proposed as a means of supplementing the immature neonatal immune system via the passage of maternal IgA to the child [37] , providing the presence of lactoferrin [38] , and providing the effect of anti-adhesive oligosaccharides [39] . Several recent studies have demonstrated the protective effect of breastfeeding against UTI in the first 7 months of life [37, 40] .
Uncircumcised infant boys
Since the 1980s, studies have shown an increased frequency of UTI in uncircumcised boys during the first year of life [9, [41] [42] [43] . Boys with foreskin have been demonstrated to harbor significantly higher concentrations of uropathogenic microbes that potentially may ascend into the urinary tract and lead to UTI [9, 16] . Bacteriuria is 10-to 12-fold more common during the first 6 months of life for uncircumcised boys [9, 16] . Although the available data associate a medical benefit and economic benefit [9] to neonatal circumcision, previously conducted clinical studies have been criticized for potential selection and sampling bias [44] . As a result, the American Academy of Pediatrics (AAP) Task Force on Circumcision reports that the existing scientific evidence does not support a recommendation for routine neonatal circumcision at this time [45] .
Fecal and perineal colonization
Because most UTIs result from fecal-perineal-urethral retrograde ascent of uropathogens, fecal and perineal flora are important factors in the development of a UTI [10] . The flora of the colon and urogenital region is a result of native host immunity, existing microbial ecology, and the presence of microbe-altering drugs and foods. A recent investigation by Schlager and colleagues [12] supported the theory that a subset of the colonic microflora expressing particular virulence factors is most likely to infect the urinary tract. The selection for microbes resistant to antimicrobial agents is well recognized. As a result, the inappropriate use of antibiotics in the treatment of active nonurinary infections and in the prophylactic setting may place children at a higher risk for developing uropathogenic strains of microbe that may develop into symptomatic UTI [46, 47] .
Anatomic abnormalities
Anatomic abnormalities of the urinary tract predispose children to UTI because of inadequate clearance of uropathogens. Infections associated with urinary tract malformation generally appear in children younger than 5 years of age. It is essential to identify these abnormalities early because if uncorrected, they may serve as a reservoir for bacterial persistence and result in recurrent UTI. Surgical intervention may be required to correct the anatomic abnormality (see Box 1) . In contrast, congenital anatomic anomalies, such as posterior urethral valves and vesicoureteral reflux (VUR), do not predispose children to colonization but perhaps increase the likelihood of inadequate washout in the routine ways. These urinary tract malformations increase the likelihood that infections of the lower urinary tract (ie, bladder and urethra) will ascend to the upper tracts with possible pyelonephritis and potential renal deterioration [48] . Importantly, children with known urinary malformation may be on chronic antimicrobial prophylaxis. Consequently, this patient population is associated with a higher incidence of multidrug-resistant uropathogens [49] and non-E coli uropathogens, particularly Pseudomonas [50] and Enterococcus [51] .
Functional abnormalities
Children with a functional abnormality of the urinary tract are also at a higher risk of developing a UTI. Inability to empty the bladder, as in the case of neurogenic bladders, frequently results in urinary retention, urinary stasis, and suboptimal clearance of bacteria from the urinary tract. Clean intermittent catheterization is helpful for emptying the neurogenic bladder, but catheterization itself may introduce bacteria to this normally sterile space. Chronically elevated bladder pressure secondary to poor emptying also may cause secondary VUR, in which the elevated pressure increases the potential renal damage of pyelonephritis.
Sexual activity
Sexual activity has been recognized as a risk factor for the development of UTI in young women [52] [53] [54] . A similar risk has not been demonstrated in men. Hooton and colleagues [55] reported a high association between UTI and recent sexual intercourse and the use of a diaphragm with spermicide. Virtually all women become bacteriuric after sexual intercourse [56] . Uropathogenic strains of E coli also are more likely to be shared during sexual intercourse than commensal E coli [57] . Although the exact relationship between sexual activity and UTI in young woman is currently unclear, the proposed mechanism is direct transfer of bacterial from the bowel or vagina to the urethral meatus during sexual intercourse [58] . Urogenital colonization and selection for uropathogenic microbes secondary to the use of spermicides are also suspected risk factors for UTI and currently are undergoing investigation [52] . Some researchers have suggested that adolescent UTI be seen as a marker of sexual activity [54] .
Clinical presentation
Children who have UTI often do not necessarily present with the characteristic signs and symptoms seen in the adult population. The physical examination is also frequently of limited value because costovertebral angle and suprapubic tenderness are not reliable signs in the pediatric population. There are various clinical presentations for children with UTI based on age. Infants younger than 60 to 90 days may have vague and nonspecific symptoms of illness that are difficult to interpret, such as failure to thrive, diarrhea, irritability, lethargy, malodorous urine, fever, asymptomatic jaundice, and oliguria or polyuria [59] [60] [61] . In fact, it has been recommended that testing for UTI be part of the evaluation of asymptomatic jaundice in infants younger than 8 weeks [61] .
In older children younger than 2 years, the most common symptoms include fever, vomiting, anorexia, and failure to thrive [60] . Abdominal pain and fever were the most common presenting symptoms in children between 2 and 5 years of age [62] . After 5 years, the classic lower urinary tract symptoms, including dysuria, urgency, urinary frequency, and costovertebral angle tenderness, are more common [62] .
Regardless of age, all children should have their sacral region examined for dimples, pits, or a sacral fat pad, because the presence of these signs is associated with neurogenic bladder. In all boys, a scrotal examination should be performed to evaluate for epididymitis or epididymo-orchitis. The signs and symptoms compatible with gastrointestinal and respiratory infections are often present in children with UTI [63] . As a result, UTI must be considered in all children with serious illness even if there is strong evidence of infection outside the urinary system.
Diagnosis
The definitive diagnosis of a UTI requires the isolation of at least one uropathogen from a urine culture [64, 65] . Urine, which should be obtained before the initiation of antimicrobial therapy, can be collected by various methods. The simplest and least traumatic method is via a bagged specimen, which involves attaching a plastic bag to the perineum. Clinicians, however, are discouraged from obtaining a urine specimen in this fashion because there is an unacceptably high false-positive rate of 85% or higher [60] . The bagged specimen is useful in ruling out a UTI, but it has little use in accurately documenting a UTI. Older children can provide a clean-catch midstream urine specimen. Unfortunately, this type of specimen is often contaminated with periurethral and preputial organisms, which make a positive urine culture difficult to interpret; in children most susceptible to UTI, the periurethral colonization is the highest.
The most commonly used technique in young children is urethral catheterization. The catheterized specimen is considered reliable provided that the initial portion of urine that may be contaminated by periurethral organisms is discarded. The disadvantage of urethral catheterization is that it is invasive and periurethral organisms may be introduced into an otherwise sterile urinary tract. Suprapubic aspiration is considered the gold standard for accurately identifying bacteria within the bladder. Although the probability of a true infection with a positive culture obtained via suprapubic aspiration is approximately 99%, this method is the most technically challenging and is associated with the lowest rate of success (23%-99%) [60] . The AAP recommends suprapubic aspiration or urethral catheterization to establish a diagnosis of UTI in neonates and young children [60] . A clean-catch specimen may be obtained from older children and young adults.
According the AAP, a diagnosis of UTI is established when a quantitative culture of urine obtained via catheterization or suprapubic aspiration demonstrates 105 cfu (colony-forming units)/mL of a single uropathogen [60] . It is unclear what result on urine culture truly defines a significant UTI. The technique by which the urine specimen is obtained alters the criterion value for establishing a UTI. The presence of bacteria in the urine may not necessarily demonstrate a UTI but rather might simply represent benign bacteriuria. The culture information should be interpreted in the context of the clinical scenario when determining the appropriate therapy.
Because urine culture typically requires at least 24 hours of incubation, urinalysis and urine microscopy are often used to guide initial empiric therapy. Under high-power magnification, the presence of bacteria represents approximately 3 Â 10 4 bacteria/mL [48] . Urine microscopy, however, cannot distinguish a uropathogen from contaminating bacteria. Hoberman and Wald [66] reported that the positive predictive value of pyuria (10 white blood cells/mm 3 ) and bacteriuria is as high as 84.6%. Because of the low sensitivity, negative urine microscopy does not rule out UTI.
Although not as sensitive as urine microscopy, chemical screening for markers of infection in urinalysis can be used to provide additional evidence for a UTI. Certain bacteria, particularly gram-negative bacteria, reduce nitrates to nitrites. This test may produce false-negative results if it does not contain the first voided specimen, the bacteria are gram-positive organisms, or there has not been enough time for bacterial metabolism to produce nitrites. Leukocyte esterase is produced by activated leukocytes. This chemical, however, depends on white blood cells, which may not always be present during a UTI. The presence of nitrites and leukocyte esterase serves as indirect evidence of a UTI, although it is not a replacement for urine culture. Although urinalysis can help in directing therapy, clinicians are cautioned against establishing or ruling out a diagnosis of UTI without urine culture.
If the clinical picture and urinalysis are equivocal, additional tests, such as a complete blood count, erythrocyte sedimentation rate, and C-reactive protein, may help to determine the presence of a UTI and whether presumptive treatment should be initiated. Other laboratory tests, such as a basic metabolic panel, may be obtained to assess a child's overall health.
Diagnostic imaging studies
In the acute setting of a UTI, diagnostic imaging tests are generally not indicated unless the diagnosis of UTI is equivocal. Recently, Hoberman and colleagues [67] demonstrated that a renal bladder ultrasound and renal scan obtained within 72 hours of the febrile UTI in young children is of limited value. The authors argued that the use of ultrasound to identify a urinary tract malformation is minimal given the prevalence of prenatal ultrasonography in the United States. If, however, the signs and symptoms of UTI continue to persist after 2 days despite appropriate antimicrobial therapy, then either ultrasound or CT scanning can be used to rule out disease states that may require invasive therapy, including a renal abscess, pyonephrosis, urinary calculi, or surgically correctable anatomic abnormalities [60, 68] .
Imaging studies generally can be pursued after the resolution of the acute infection because immediate management typically is based on clinical signs and symptoms. Infants and young children who have responded appropriately to antimicrobial therapy after their initial febrile UTI should be evaluated at the earliest convenient time with a renal bladder ultrasound and reflux studies, including voiding cystourethrography, to rule out urinary tract anomalies [60] . Evaluation of renal scarring may be conducted with 99m Tc-labeled dimercaptosuccinic acid scintigraphy scan [69] . Alternatively, there is growing evidence that MRI is a rapid and accurate study for renal scarring that does not use ionizing radiation [70, 71] .
In children with an initial diagnosis of UTI, investigators revealed sonographic abnormalities in 12% of the study population [67] . VUR is diagnosed in approximately 50% of children with UTI who are younger than 1 year [60] . Although all children with UTI may develop pyelonephritis, children with reflux are at an increased risk for upper tract infection and renal scarring. The risk of renal damage increases with the severity of VUR [72, 73] . Children with high-grade VUR have a four-to sixfold greater risk of renal scarring compared with children with low-grade VUR and an eight-to tenfold greater risk than children without evidence of VUR [60] .
Management
Because treatment for a suspected UTI generally starts when the causative agent is identified, empiric treatment of UTI is based on the clinical status of the child, the predominant uropathogens for the patient's age group coupled with the antimicrobial sensitivities in the community, and patient compliance and ability for follow-up.
A generally healthy young child with a presumed uncomplicated UTI who is nontoxic, is taking in fluids, has reliable caretakers, and is able to follow-up on a daily basis may be managed as an outpatient with oral antibiotics [48] . Antimicrobial therapy should be initiated promptly after a proper urine culture is obtained. In these patients, a broad-spectrum antibiotic is recommended for empiric coverage (Table 2) . First-line agents include amoxicillin, trimethoprimsulfamethoxazole (TMP-SMX), nitrofurantoin, and cephalosporins (eg, cefixime) [74, 75] . In young children older than 2 years, a short course (ie, 3-5 days) is adequate because longer courses of oral antibiotics have not been shown to be more efficacious [76] . E coli is the causative uropathogen in most cases of UTI in infants and young children without underlying urinary tract abnormalities. Over the past 20 years, however, there has been increasing resistance to ampicillin, augmentin, and TMP-SMX among E coli associated with UTI [77] [78] [79] . It is important to consider the prevailing antimicrobial resistance patterns when selecting a drug for treatment of a presumed UTI.
In contrast, an acutely ill child, immunocompromised patient, or infant younger than 2 months of age is assumed to have acute pyelonephritis or a complicated UTI. These patients should be managed with hospital admission, rehydration, and parenteral broad-spectrum antimicrobial therapy immediately after urine culture is obtained (Table 3) . Of note, infants younger than 60 to 90 days are more likely to have their course of disease change rapidly because of their physiology and incompletely developed immune system [36, 80] . A sepsis evaluation that includes a suprapubic aspirate and blood cultures should be initiated upon evaluation. Any patient with questionable compliance or difficulty with follow-up should be considered for inpatient management. In general, the combination of ampicillin or cephalosporin (eg, cefazolin) plus an aminoglycoside (eg, gentamicin) is adequate coverage for most uropathogens. Because of changing resistance patterns of uropathogens and a concern for nephrotoxicity, a single third-generation cephalosporin (eg, ceftriaxone or ceftazidime) is increasingly being used as an alternative initial regimen [50] . The antimicrobial armamentarium continues to grow as several recent studies have demonstrated the efficacy of fourth-generation cephalosporins (eg, cefepime) in the parenteral treatment of pediatric UTI [81, 82] . The promptness of therapy for suspected acute pyelonephritis is of paramount importance, because a delay in therapy has been associated with more severe infections and worse renal damage [75, 83] . Parenteral treatment is maintained until a patient is clinically stable and afebrile, generally 48 to 72 hours. At that point, the antimicrobial regimen may be changed to an oral agent based on the sensitivities of the urine culture. For children aged 2 months to 2 years, the guidelines established by the AAP suggest completion of a 7-to 14-day course [60] . For older children, the optimal total duration of treatment remains debatable. Numerous published studies, however, have shown resolution of symptoms and eradication of the causative agent with a 7-to 14-day course of antibiotics [53, 75, 84] .
Alternative options for ambulatory management include outpatient parenteral therapy for patients with clinical presentations consistent with acute pyelonephritis. Several studies have demonstrated that once-daily parenteral administration of gentamicin or ceftriaxone in a day treatment center is safe, effective, and costeffective in children with UTI [84] [85] [86] . Once the uropathogen is isolated in the urine culture and the antimicrobial sensitivities are finalized, children can be switched to an oral agent to complete a 10-day treatment course. A 14-day course of oral cefixime has been shown to be an efficacious and cost-effective therapeutic option in children with UTI who can tolerate fluids [75] . Intravenous and oral formulations of fluoroquinolones have been shown to have excellent coverage of gram-negative and -positive organisms in the urinary tract [87] . Although fluoroquinolones are widely used in the management of adult UTI, the use of these drugs historically has been discouraged in children because of the concern for drug-induced arthrotoxicity shown in animal models [88] . The available scientific data, however, fail to demonstrate an unequivocal association with arthropathy in the pediatric population [89, 90] . Fluoroquinolones, such as ciprofloxacin, may be considered in the management of pediatric UTI. 
Management of fungal urinary tract infections
Although fungus in the urinary tract is rare among healthy children, the incidence of fungal UTI is increased in hospitalized patients. In large tertiary care neonatal intensive care units, Bryant and colleagues [91] found the overall incidence of candiduria to be 0.5%, whereas Phillips and Karlowicz [22] reported Candida sp in 42% of patients with UTI. Risk factors for the development of funguria include long-term antibiotic treatment, use of urinary drainage catheters, parenteral nutrition, and immunosuppression [92] . The overwhelming majority of fungal UTIs are caused by Candida sp followed by Aspergillos spp, Cryptococcus spp, and Coccidioides spp [93] . The clinical presentation of patients with funguria ranges from an absence of symptoms to fulminant sepsis. The urinary tract is most frequently the primary entry point but also may represent the site of disseminated infection. Consequently, the challenge for clinicians is to determine whether the presence of fungus in the urinary tract represents infection, colonization, or contaminant.
Similar to bacterial infections, a fungal UTI is ideally diagnosed with suprapubic aspiration or transurethral bladder catheterization. Urine cultures with more than 10 4 colonies/mL have been used as the criterion for therapy [94] . The presence of a positive urine culture result mandates an evaluation of the upper urinary tract with renal ultrasonography for additional foci of funguria. Renal fungal balls have been identified in 35% of patients with candidal UTI in the pediatric population [22, 91] .
Therapeutic options for fungal UTI currently remain a matter of controversy. Investigations conducted in adult populations have shown that treatment of asymptomatic bladder infections results in poor long-term eradication rates and essentially no clinical benefit [95, 96] . The removal of indwelling catheters has not been shown to clear infections reliably [48] . Symptomatic patients can be treated with bladder irrigations of amphotericin B or oral fluconazole. Although there is no consensus on optimal treatment dose or duration, amphotericin bladder irrigations consist of daily irrigations of 50 mg/L for 7 days [97] or continuous irrigations (42 mL/h) for 72 hours [98] .
Fungal bezoars in the collecting system may cause obstruction in children. Patients with these upper tract foci of funguria should be treated with systemic therapy that consists of amphotericin B or fluconazole. In cases of obstruction, percutaneous nephrostomy is then used for drainage and potential local irrigation. Surgical removal may be necessary should the fungal balls persist [48] .
Antimicrobial prophylaxis
Because renal damage and scarring have been shown to occur only in the presence of infection, the goal of antimicrobial prophylaxis is to sterilize the urine [99] . The ideal prophylactic antimicrobial agent should be administered orally and achieve a therapeutic drug level in the urine while concomitantly maintaining low fecal concentrations (Table 4) . By avoiding high drug concentrations in the bowels, the development of resistant bacterial strains can be prevented or limited in the fecal flora. Similar to the selection of an antibiotic for treatment, the agent chosen for prophylaxis should be based on local antimicrobial resistance patterns.
After the treatment course for a first infection, infants or neonates should be placed on a different antimicrobial agent for prophylaxis until a thorough evaluation for an anatomic urinary tract abnormality is completed [74] . Prophylaxis should be considered in patients with a history of VUR [100] , immunosuppression, or partial urinary obstruction [48] to decrease the potential for developing UTI. Once prophylactic antibiotics are initiated, they generally are continued until the underlying predisposition to UTI is resolved.
Prophylactic antibiotics also may be considered for children with recurrent UTI with normal urinary function and anatomy [101] . In patients with a history of two UTIs in 6 months or three UTIs in 12 months, prophylactic antibiotics have been shown to be more effective than placebo in decreasing the number of recurrences [102] [103] [104] [105] . Various antibiotics have been used for prophylaxis in these children, including nitrofurantoin, TMP-SMX, cephalosporins, and fluoroquinolones; however, no single antibiotic has been shown to be superior [106, 107] .
Asymptomatic bacteriuria
Bacteria may be present in the urinary tract without any associated symptoms. This situation may exist without any anatomic abnormalities [108, 109] . For a 6-year period, Wettergren and colleagues [109] followed 37 infants who were found to have no symptoms associated with urine culture-proven bacteriuria. These children were untreated. Ultimately, there was one episode of pyelonephritis and no evidence of decreased renal function at the end of the study. Similarly, Schlager and colleagues [110] reported on asymptomatic bacteriuria in children undergoing clean intermittent catheterization. These investigators concluded that asymptomatic bacteriuria is not associated with renal damage and the incidence of actual symptoms is low. If a child is found to have asymptomatic bacteriuria without an associated urinary malformation, then clinicians are recommended to follow-up with patients periodically without concurrent antimicrobial therapy. 
Complications
The interaction of the host, uropathogen, and environment is incompletely understood not only in the development of infections of the urinary tract but also the progression of pediatric UTI. As a result, it is difficult to determine whether an episode of cystitis will resolve without incident or result in more serious infection involving the kidney. A pediatric urology referral should be considered in children suspected of having serious sequelae of pyelonephritis, including renal abscess formation, pyonephrosis, emphysematous pyelonephritis or cystitis, and xanthogranulomatous pyelonephritis [74, 111] . Prompt recognition and treatment of upper tract infection are crucial to preventing potential irreversible renal damage.
Long-term consequences of pediatric urinary tract infection
Children with upper UTI (ie, pyelonephritis) are at risk for irreversible renal parenchymal damage evidenced by renal scarring. Renal scarring is noted in 10% to 30% of children after UTI [112, 113] . The most widely used method of detecting renal scarring is 99 Tc-labeled dimercaptosuccinic acid scintigraphy scan [69] . Although the exact mechanisms responsible for renal scarring secondary to UTI are currently unclear [114] , risk factors include underlying VUR or obstructive urinary tract abnormalities and recurrent UTI and a delay in treatment of UTI. A recent study by Orellana and colleagues [115] found a significantly higher incidence of renal damage in children with non-E coli UTI. Smellie and colleagues [1] found renal scarring more commonly in infants and young children and less frequently in older children and young adults, which suggests that younger kidneys are more susceptible to damage.
Long-term studies have established the causal relationship between renal damage after pediatric UTI and the subsequent development of hypertension [1, 116, 117] . The incidence of hypertension in adulthood after urinary infection ranges from 7% to 17% [1, 116, 118] . The pathogenesis, however, remains unclear, although the renin-angiotensin system and atrial natriuretic peptide have been proposed as mechanisms. To date, no direct relationship among severity of hypertension, degree of renal scarring, and glomerular filtration rate have been established.
Although the incidence of end-stage renal disease associated with pediatric UTI is uncommon [119, 120] , it remains a recognized cause of dialysis and renal transplantation in certain parts of the world [121, 122] . Wennerstrom and colleagues [120] showed that glomerular filtration rate was significantly reduced in scarred kidneys during a 20-year follow-up period. In another study by Jacobson and colleagues [116] , 30 children with nonobstructive focal renal scarring were followed for 27 years. Ultimately, 3 patients with bilaterally scarred kidneys developed end-stage renal disease. These longitudinal studies emphasize the need for long-term follow-up in patients with pediatric UTI and renal scarring.
Summary
Infections of the urinary tract are among the most common infections in the pediatric population. If not treated promptly and appropriately, pediatric UTI may lead to significant acute morbidity and irreversible renal damage. Children, however, have a wide variety of clinical presentation, ranging from the asymptomatic presence of bacteria in the urine to potentially life-threatening infection of the kidney. A clinician's main goals are early diagnosis, appropriate antimicrobial therapy, identification of anatomic anomalies, and preservation of renal function. Treatment should be based on urine culture. Children noted to have renal scarring after an acute episode of UTI should be followed long-term for signs of hypertension and renal insufficiency.
